The objectives of this study were to characterize changes in transcriptome of preimplantation conceptuses at the onset of elongation and associated changes in uterine histotroph composition and endometrial physiology. Lactating dairy cows (n ¼ 160) had their ovulation synchronized by artificial insemination (study Day 0). On Day 15, uteri were flushed and endometrium tissue collected. Recovered conceptuses were classified based on morphology/length as ovoid (1-4 mm), tubular (5-19 mm), and filamentous (20-60 mm). Total RNA (n ¼ 48) was subjected to transcriptome analysis. The uterine fluid (n ¼ 30) was evaluated by mass spectrophotometry. Transcriptome analyses revealed drastic changes in the transition from ovoid to tubular and from tubular to filamentous. Differentially expressed genes were associated with cellular movement, cell-to-cell signaling, cellular assembly and organization, lipid metabolism, small molecule biochemistry, and molecular transport. Specific changes included reorganization of cytoskeleton and cell migration, arginine metabolism, growth factors signaling, and lipid metabolism. Functional analysis revealed fatty acids and peroxisome proliferator activated receptor gamma as upstream regulators of transcriptome changes. Expression of PPARG increased 17-fold during the onset of elongation and was highly correlated with genes involved in lipid metabolism. The histotroph was rich in amino acids, lipids, saccharides, and other intermediate metabolites, and important changes in composition occurred in the presence of a conceptus. Pregnancy had a major impact on the concentrations of important lipids in the uterine fluid and expression of genes in the endometrium. Collectively, conceptus elongation involves remarkable changes in transcriptome, composition of the histotroph, and endometrial physiology, which help elucidate important events in uterine and conceptus biology at the onset of elongation.
INTRODUCTION
Early embryonic development and placentation in ruminants has unique characteristics. In contrast to other eutherian species whose implantation in the endometrium starts soon after hatching from the zona pellucida, the implantation in ruminants occurs later in development and requires drastic morphophysiological changes in the developing conceptus in order to be initiated [1] . Upon hatching, the trophoblast of the spherical blastocyst elongates along the uterine lumen, creates a large area of apposition with the endometrium, secretes bioactive products that modify endometrial physiology, and then creates intimate physical interaction with endometrial cells around Day 20 of development [2] . This complex stage of development is associated with extensive pregnancy losses, particularly in lactating dairy cattle [3, 4] . It has been estimated that one-third of viable blastocysts on Day 6 of development fail to elongate and maintain the pregnancy by Day 28 of gestation [3] . Embryonic losses during this period are substantial and cause considerable economic losses, waste of resources, and reduction in sustainability [5] . Likewise, future improvements in reproductive efficiency in cattle herds will require development of strategies to minimize those embryonic losses [6] .
Most of the research conducted to investigate the period of conceptus elongation in cattle has focused on the biology of endometrial cells and less effort has been placed on conceptus cells. The augmented interest for endometrial physiology is likely related to the fact that the process of conceptus elongation and consequently survival is dependent on histotroph secretion by the glandular epithelium of the endometrium [7] . Moreover, pregnancy recognition by the dam is dependent of interferon-tau (IFN-s) signaling through endometrial cells that changes the pattern of secretion of prostaglandins and avoids regression of the corpus luteum (CL) [8] . These important findings have lead researchers to further investigate endometrial physiology and related biological events and to study their relationship with fertility. Nevertheless, less is known on how bovine conceptus cells sense and respond to components of the histotroph and what responses are essential for elongation and survival. Moreover the cross talk between endometrium and conceptus is reciprocal and complex during the peri-implantation period in bovine [9] [10] [11] . Understanding the complex events of the developmental requirements for successful pregnancy is expected to advance strategies to mitigate early embryonic mortality in cattle.
The hypothesis of the current study was that the onset of bovine conceptus elongation and its survival require changes in the transcriptome of conceptus cells to coordinate their biology, proliferation, and secretion of bioactive products into the uterine lumen. These changes in transcriptome of conceptus cells would be a result of sensing and responding to specific components of the histotroph and would also reflect changes in endometrial biology. Our objectives were to investigate changes in transcriptome of preimplantation conceptuses during the onset of elongation and associated changes in the histotroph composition in the uterine lumen and their impact on endometrial biology. Transcriptome analysis of conceptuses was used aiming to identify important cell signaling pathways and transcription factors associated with the process of conceptus elongation. The outcomes from this project help to understand the developmental requirements for an ovoid embryo to progress into an elongated healthy conceptus and can potentially contribute to the development of strategies to minimize embryonic losses.
MATERIALS AND METHODS
All procedures involving cows were approved by the animal care and use committee of the University of Florida.
Cows, Housing, and Management
The study was conducted in two dairy farms located in north central Florida. Farm A milks approximately 550 cows and farm B 1200 cows. The rolling herd averages for milk yield during the study period were approximately 10 500 kg/cow on farm A and 6500 kg/cow on farm B. Cows on farm A were housed in free-stall barns throughout the lactation and received a total mixed ration according to guidelines by the National Research Council [12] . Cows in farm B were maintained under irrigated pasture paddocks and grazed annual ryegrass (Lolium multiflorum Lam.) and supplemented with concentrates. A total of 160 lactating Holstein cows were used in the study, which was conducted during the spring of 2010 (group 1: 55 cows) and spring of 2012 (group 2: 55 cows) in Farm A, and during the winter of 2011 in Farm B (group 3: 50 cows).
Estrous Cycle Synchronization, Artificial Insemination, and Tissue Collection
Cows were subjected to synchronization of the estrous cycle, induced ovulation, and timed artificial insemination (AI). The day of AI was considered study Day 0 and was performed 62 6 3 days postpartum for first breeding and 97 6 3 days postpartum for second breeding on farm A, and 49 6 3 days postpartum on farm B, which were all first breeding. Semen from a single fertile Holstein sire was used in all cows. Synchronization of the estrous cycle was performed by the administration of 25 mg of PGF 2a (Lutalyse sterile solution, 5 mg/ml of dinoprost as the tromethamine salt; Zoetis Inc., Florham Park, NJ) on Day À20, 100 lg of GnRH (Cystorelin, 50 lg/ml of gonadorelin diacetate tetrahydrate; Merial Ltd., Duluth, GA) on Day À10, 25 mg of PGF 2a on Day À3, and 100 lg of GnRH on Day À1 (in the evening). Blood samples were collected on Days À10, À3, À1, 7, and 15 by puncture of the coccygeal vein or artery into evacuated tubes containing dipotassium ethylenediaminetetraacetic acid (Becton, Dickinson, and Company, Franklin Lakes, NJ). Samples were placed immediately in ice and later centrifuged at 2000 3 g for 15 min for plasma separation. Aliquots of plasma samples were frozen at À258C for later analyses of hormonal concentrations. All activities on the dairies were performed after the morning milking except for those on Day À1, which were performed after the evening milking.
On Day 15, ultrasonography of the ovaries was performed using a portable ultrasound (Easy Scan; BCF Technology, Rochester, MN) equipped with a 7.5 MHz linear-array transducer to determine the presence of a CL. Epidural anesthesia was used immediately before the uterine flush. The vulva and vagina were thoroughly cleansed to avoid contamination. The uterine horn ipsilateral to the CL was then flushed by transcervical catheterization and infusion of 20 ml of phosphate buffered saline solution (0.01 M of phosphate buffer and 0.154 M of sodium chloride, pH 7.4) with 0.1% (v/v) of polyvinyl alcohol. The solution was infused using a 60 ml dosing plastic syringe (Becton, Dickinson and Company) connected to a 20 to 24 French silicone-coated latex Foley catheter (Bard, Covington, GA). The fluid infused was recovered into the same syringe used for infusion and then examined in a Petri dish under stereoscope for location of conceptus tissue. Up to five flushings were performed if no conceptus tissue was recovered. The recovered conceptuses were washed in fresh drops of PBS plus 0.1% (v/v) of polyvinyl alcohol, had their length measured, and were snap-frozen in liquid nitrogen and later store at À808C until nucleic acid extraction. The uterine fluid of the first flushing was placed in conical tubes in ice and later centrifuged at 2000 3 g at 48C for 15 min. The supernatant was collected, homogenized, aliquoted, and stored at À808C for later analyses of fluid composition.
After flushing, endometrial tissue from the uterine horn ipsilateral to the CL was collected for biopsy. The endometrial tissue was obtained using endometrial forceps manufactured specifically for uterine tissue collection in large animals. The instrument was composed by a stainless steel rod of 65 cm with a concave sharpened edge, which was placed inside of a stainless tube of 55 cm and 5 mm in diameter with closed tip and a lateral opening region or jaw located 1.5 cm from the tip. The instrument was covered with a protective sheath and introduced through the vagina, advancing until the external cervical orifice. The protective sheath was then ruptured and the instrument was guided by transrectal palpation through the cervix and advanced into the uterine horn. After ensuring the placement of the tip of the instrument approximately 10 cm from the bifurcation of the uterine horns, the instrument jaw was opened by retracting the steel rod and the uterine wall was gently pressed into the instrument jaw using the thumb by transrectal palpation. Endometrial tissue was clipped off by closing the instrument jaw and pushing the steel rod back to the initial position. The instrument was then withdrawn, and the endometrial tissue was placed in a 2 ml tube, snap-frozen in liquid nitrogen, and stored at À808C until RNA extraction.
Day 15 after AI was chosen because conceptus elongation in bovine starts around Day 14 of development [13] . Ovulation typically occurs 28 h after the injection of GnRH used as part of the synchronization protocol or 12 h after AI. Because of the individual variation on the progression of embryo development, we expected to find conceptuses with different lengths on Day 15 after AI, which would allow the comparison of conceptus and endometrial tissues and histotroph composition according to the different stages of elongation.
Study Design
This study followed a prospective cohort design. Only cows with synchronized ovulation were used in the study. Ovarian ultrasonography and concentrations of progesterone in plasma during estrous cycle synchronization and after insemination were used as criteria to determine proper synchronization of the estrous cycle. Only cows with progesterone concentrations greater than or equal to 1.0 ng/ml on Days À10, À3, 7, and 15, and less than 1.0 ng/ml on Day À1 were maintained in the study. A total of 160 flushing (55 in group 1; 55 in group 2; and 50 in group 3) were used.
The length of the recovered conceptuses varied from 0.5 to 60 mm. Those structures were then classified based on morphology/length as ovoid (OV; 0.5-4 mm), tubular (TUB; 5-19 mm), or filamentous (FIL; 20-60 mm) for comparison of transcripts abundance in conceptus and endometrial tissues and histotroph composition of uterine fluid according to stages of conceptus elongation. Cows with no conceptus recovered and no detection of IFN-s in the uterine fluid were considered nonpregnant (NPREG). The study design had four groups based on pregnancy classification (NPREG, OV, TUB, FIL). All classifications were represented in all three groups of cows (1, 2, and 3) used in the study. All cows with recovered conceptus, except for one cow, had a single conceptus being recovered after the uterine flushing. The exception cow resulted in the recovery of two TUB conceptuses with similar size, 40 and 42 mm.
Nucleic Acid Isolation and Analysis of Transcriptome in Conceptuses Cells
Nucleic acids, RNA and genomic DNA, from conceptus cells were extracted using the AllPrep DNA/RNA Micro kit (Qiagen, Germantown, MD) according to the manufacturer's instructions. Concentration of RNA was determined on a NanoDrop Spectrophotometer (NanoDrop Technologies, Wilmington, DE), and sample quality was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Good quality RNA (integrity number . 7.5) from a subsample of conceptuses from each group (eight OV, 17 TUB, and 17 FIL) was subjected to transcriptome analysis using the GeneChip Bovine Genome Array (Affymetrix, Santa Clara, CA) at the Interdisciplinary Center for Biotechnology Research Gene Expression and Genotype Core at the University of Florida (Gainesville, FL). All microarray sample preparations used the GeneChip 3 0 IVT Express kit (Affymetrix), and reactions were conducted following the manufacturer's protocols. Briefly, cDNA was synthesized from 200 ng of total RNA and served as a template for in vitro transcription during which a biotin-modified nucleotide was incorporated. The biotin-labeled amplified RNA was then purified and fragmented. Samples were hybridized with rotation at 458C for 16 h to the Affymetrix GeneChip Bovine arrays. The arrays were washed and stained with the reagents supplied in GeneChip Hybridization Wash and Stain kit RIBEIRO ET AL.
(Affymetrix) on an Affymetrix Fluidics Station 450 and scanned with a Affymetrix GeneChip 7G Scanner.
Two reference genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribosomal protein L19 (RPL19), and 12 genes differently expressed among experimental groups in the array analysis (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org) were investigated by real-time PCR to confirm the results obtained in the transcriptome analysis. A geometric mean between the average Ct value for each reference gene was used to normalize the Ct values of the target genes [14] . Briefly, 0.5 lg of total cellular mRNA was used to synthesize cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc., Foster City, CA) and T100TM Thermal Cycler (Bio-Rad, Hercules, CA). Complementary DNA was then used for quantitative RT-PCR (RT-qPCR) using the CFX96 Touch Real-Time PCR detection system (Bio-Rad). Each reaction consisted of 9 ll of a 1:10 dilution of the cDNA in nuclease-free water, 0.5 ll gene-specific forward and reverse primers, and 10 ll of SYBR Green (Applied Biosystems Inc.) in a total reaction volume of 20 ll. Reactions were performed in duplicate using 40 cycles of a two-step amplification protocol (15 sec at 958C and 30 sec at 608C). Primer efficiency averaged 107% and ranged from 86% to 122%. Melting curve analysis and agarose gel of PCR products were performed and demonstrated the amplification of a single product of expected size for all genes investigated. Data are presented using the comparative method developed by Livak and Schmittgen [15] using OV conceptuses as the reference for comparisons. Relative expression values were obtained by raising the PCR amplification efficiency (E ¼ 2) to the power of delta-delta threshold cycle (DDCT) obtained from DCT least squares mean differences of pairwise comparisons among the TUB and FIL groups against the reference OV group [16] . The DCT values subjected to statistical analysis were generated by normalization of CT values from the target genes with the geometric mean of the CT values from the reference genes.
RNA Isolation and Real-Time PCR in Endometrial Tissue
Total RNA from endometrial tissue was extracted from 36 samples (eight NPREG, five OV, 11 TUB, and 12 FIL) using the PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA) according to recommendations of the manufacturer, except that Trizol (Molecular Research Center, Inc., Cincinnati, OH) and chloroform (Fisher Scientific, Pittsburg, PA) were used to obtain the cell lysate. Cells were mechanically disrupted in Trizol (1 ml per 100 mg of tissue) using an electrical homogenizer. Two hundred microliters of chloroform was added, and the solution was homogenized and incubated for 3 min at room temperature. The tubes were centrifuged at 12 000 3 g for 15 min at 48C. The colorless upper phase was harvested into a new tube, and equal volume of 70% ethanol was added to the solution. The extraction kit protocol was then followed.
Purified total RNA from endometrial samples was subjected to RT-qPCR for target and reference genes. Briefly, 1 lg of total cellular mRNA was used to synthesize cDNA as described previously. Complementary DNA was then used for RT-qPCR using the CFX96 Touch Real-Time PCR detection system as described previously. Thirteen genes were investigated (Supplemental Table  S2 ), including twelve target genes-interferon-stimulated gene 15 (ISG15), receptor transporter protein 4 (RTP4), chemokine (C-X-C motif) ligand 10 (CXCL10), chemokine (C-C motif) ligand 8 (CCL8), chromosome 15 open reading frame, human C11orf34 (C15H11orf34 also known as PLET1), sterol O-acyltransferase 1 (SOAT1), fatty acid binding protein 3 (FABP3), solute carrier family 7 (cationic amino acid transporter, yþ system), member 3 (SLC7A3), ATP-binding cassette, sub-family C (CFTR/MRP), member 3 (ABCC3), acyl-CoA synthetase short-chain family member 2 (ACSS2), and dihydrolipoamide S-acetyltransferase (DLAT)-and one reference gene, GAPDH. The reference gene was included in all plates. Target genes were selected based on previous work that evaluated differences in transcriptome of endometrium from pregnant and cyclic cows on Day 15 of the estrous cycle [17] .
Primer efficiency ranged from 82% to 99%. Melting curve analysis and agarose gel of PCR products were performed and demonstrated the amplification of a single product of expected size for all genes investigated. Data are presented using the comparative method developed by Livak and Schmittgen [15] using cows from the NPREG group as the reference for comparisons. Relative expression values were obtained by raising the PCR amplification efficiency (E ¼ 2) to the power of delta-delta threshold cycle (DDCT) obtained from DCT least squares mean differences of pairwise comparisons among the pregnant groups and reference group NPREG [16] . The DCT values subjected to statistical analysis were generated by normalization of CT values from the target genes with the CT values from the reference gene. Confidence interval for graphical representation of relative expression were generated from the lower and upper confidence limits obtained for DCT least squares mean differences as described by Yuan et al. [16] .
Analyses of Uterine Fluid Composition
Histotroph composition was evaluated using a metabolomics approach and specific antiviral assay for quantification of IFN-s. For the metabolomics analysis, 30 uterine fluid samples (six NPREG, six OV, six TUB, and 12 FIL) collected in farm B were subjected to liquid chromatography and mass spectrophotometry (LC-MS) in the Southeast Center for Integrated Metabolomics at the University of Florida (Gainesville, FL). Analyses were performed on a Thermo Q-Exactive High-Resolution Mass Spectrometer coupled with a Dionex UHPLC and autosampler (Thermo Fisher Scientific Inc., Waltham, MA). The instrument runs both positive and negative ion modes with heated electrospray ionization. Mass resolution was 70 000 at m/z 200 with mass accuracy of less than 5 ppm in positive mode and less than 10 ppm in negative mode. Separation of metabolites was achieved on an Ace C18-PFP column (100 3 2.1 mm, 2 lm; Advanced Chromatography Technologies, Aberdeen, Scotland) with 0.1% formic acid in water as mobile phase A and acetonitrile as mobile phase B with a column temperature of 258C.
Samples were prepared by mixing 100 ll of each thawed uterine fluid sample with 20 ll of internal standard mix (creatine-D3, L-Leucine-D10, Ltryptophan-D3, and caffeine-D3) and 800 ll of 8:1:1 acetonitrile:methanol:acetone solution. Samples were then vortexed for 10 min and cooled in a refrigerator for 30 min. The tubes were centrifuged at 20 000 3 g for 10 min to pellet the protein. The supernatant was then transferred to a new tube and dried with nitrogen. The dried material was reconstituted by adding 100 ll of 0.1% formic acid in LC-MS-grade water. Flow rate was set at 350 ll/min with a total run time of 20 min. A total of 2 ll of each sample was injected for positive ion mode analysis and 4 ll was injected for negative ion mode analysis. The LC-MS data was processed using MZmine 2 software (mzmine.github.io) [18] for peak picking and alignment and for generation of intensity tables for statistical analyses. An in-house curated retention time metabolite library was first used to identify metabolites. We then used additional external databases such as the human metabolome database (www.hmdb.ca) to expand potential identifications.
Concentrations of IFN-s in all uterine fluid samples were determined based on their ability to prevent vesicular stomatitis virus (VSV)-induced lysis of Madin-Darby bovine kidney (MDBK) cells and using recombinant hIFN-a (100 IU/ll; EMD Biosciences Inc., Gibbstown, NJ) as the standard [19] . Briefly, 100 ll of Dulbecco modified Eagle medium (DMEM) (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum (HyClone, Logan, UT) were pipetted to each well of 96-well plates. Then, 50 ll of either standard or uterine fluid sample was added to the first well of each row and serial 1:3 dilutions were performed until the last well of the row. The standard was evaluated in every plate and each sample was assayed in duplicate. Fifty microliters of MDBK cells preparation was then added to each well and incubated at 378C in 5% CO 2 for 24 h. Medium was then removed, and cells were challenged with VSV by adding 50 ll of VSV solution and incubating at 378C in 5% CO 2 for 1 h. The VSV solution was then removed, and 100 ll of DMEM with 10% fetal bovine serum was added for additional 20 h of incubation at 378C in 5% CO 2 . Medium was then removed, and cells were fixed with 70% ethanol and stained with 0.5% Gentian Violet. Inhibition of VSVinduced lysis of MDBK cells was then accessed visually and compared to standard activity. Concentration was then calculated based on previously described activity of bovine IFN-s (8.03 3 108 IU/mg) [19] . The sensitivity of the assay was 1.0 pg/ml, and the intra-and interassay coefficients of variation were 1.0% and 1.7%, respectively.
Analyses of Progesterone, Insulin, IGF1, and AMH in Plasma of Maternal Blood
Plasma samples collected on Days À10, À3, À1, 7, and 15 were analyzed for concentrations of progesterone, insulin, IGF1, and AMH. Concentrations of progesterone were determined by radioimmunoassay using a commercial kit (Coat-a-Count; Siemens Healthcare Diagnostics, Los Angeles, CA). Concentrations of total IGF1 were determined by Quantikine ELISA Human IGF1 Immunoassay (R&D Systems, Inc., Minneapolis, MN) designed for human IGF1 but with cross-reactivity with bovine IGF1. Concentrations of insulin were determined by Mercodia Bovine Insulin ELISA (Mercodia AB, Uppsala, Sweden). Concentration of AMH was analyzed using a commercial chemiluminescence immunoassay (AnshLite Bovine AMH CLIA; Ansh Labs, Webster, TX) developed for binding of bovine AMH. At least two control samples of known hormone concentrations were included multiple times in all assays. The intra-and interassay coefficients of variation were, respectively, 4.5% and 5.5% for progesterone, 3.3% and 4.1% for insulin, 3.9% and 9.1% for IGF1, and 7.0% and 5.9% for AMH.
BIOLOGY OF THE ELONGATING CONCEPTUS
Ovulation to First GnRH, Diameter of the Ovulatory Follicle, and Body Condition Score Ultrasonographic examinations of the ovaries were performed with a 7.5 MHz linear transducer (Easy Scan; BCF Technology) on study Days À10, À3, À1 (in the evening), 7, and 15. Presence, location, and number of CL and follicles .8 mm were recorded. Ovulation to the first GnRH of the timed AI protocol was characterized by appearance of a new CL on Day À3 in the ovary containing a follicle .8 mm on Day À10. The largest diameter of the ovulatory follicle was measured on Day À1. Ovulation to the final GnRH was determined on Day 7 by the presence of a CL in the ovary containing the previously dominant follicle on Day À1. Examination of the ovaries on Day 15 was used to confirm the maintenance of the CL and the uterine horn to be flushed. Cows were scored for body condition on a 1 to 5 scale with increments of 0.25 units [20] at 7 and 35 days postpartum and at timed AI.
Statistical Analyses
Continuous and binary responses were analyzed using the GLIMMIX procedure of SAS version 9.3 (SAS/STAT; SAS Institute Inc., Cary, NC) and fitting adequate data distribution. Continuous variables were analyzed by ANOVA, and binary variables were analyzed by logistic regression. The statistical models included the fixed effects of pregnancy outcome classification as four groups (NPREG, OV, TUB, and FIL) and group of cows (1, 2, and 3). For repeated measures within the same cow, the statistical models also included the fixed effects of day and the interaction between pregnancy outcome classification and day, and the random effect of cow nested within pregnancy outcome classification. The covariance structure that resulted in the smallest Bayesian information criterion was selected. Treatment differences with P 0.05 were considered significant and 0.05 , P 0.10 were considered tendencies.
Microarray data were analyzed using Bioconductor software (www. bioconductor.org) in R version 3.1.1 (www.r-project.org). Data were preprocessed using Gene Chip Robust Multi-Array function [21] . Nonparametric adjustment of ComBat [22] was applied to remove the known effect of batch. The Limma package [23] was then used to fit a linear model and to adjust variances by empirical Bayes adjustment [24] . Moderate t-test was performed for the contrasts of interest, and probability values were adjusted for multiple testing using the Benjamini and Hochberg false discovery rate [25] . Differences in expression with an adjusted P , 0.05 and fold change ! 1.5 were considered significant and characterized differentially expressed transcripts. Networks and functional and causal analyses were performed using QIAGEN's Ingenuity Pathway Analysis software (www.qiagen.com/ingenuity; Qiagen, Redwood City, CA). Emphasis was given to canonical pathways, predicted upstream regulators, and predicted downstream effects with a Z-score (ZS) less than À2.0 or greater than 2.0 and overlap P-value (OP) less than 0.05. Information regarding algorithms and statistical methods used in causal analysis of Ingenuity Pathway Analysis were described by Kramer et al. [26] .
Pearson correlation analyses were performed with individual normalized expression values from microarrays to evaluate the relationship in expression among genes of interest. Correlation analyses were performed using the Hmisc package in R (http://biostat.mc.vanderbilt.edu/wiki/Main/Hmisc). In addition, LASAGNA-Search 2.0 web tool (http://biogrid-lasagna.engr.uconn.edu/ lasagna_search/) was used to identify the presence of transcription factor binding sites in regulatory regions of genes of interest and their binding affinity. This web tool uses the LASAGNA (length-aware site alignment guided by nucleotide association) algorithm for transcription factor binding site alignment [27] . Hits between positions À1000 and 200 from the transcription starting site were searched. The cutoff P value used was 0.001.
Statistical analyses of metabolomics data were performed using the Web server MetaboAnalyst 2.0 (www.metaboanalyst.ca) [28] . Analyses for positive and negative ions mode were run separately using the same approach. A table matrix of m/z peak intensities with samples in columns and features in rows were generated for each ion mode and imported to MetaboAnalyst 2.0. Features with 50% or more of missing data were excluded from analyses. The remaining missing values in the data set were replaced by a hypothetical value equivalent to half of the smaller peak intensity value observed for the specific feature. Preanalysis filtering was then performed based on the interquartile range to remove variables that are unlikely to be of use when modeling the data. A total of 25% of the variables were removed at this step considering the default approach used for data sets with 500 to 1000 variables. Data was then normalized by the sum method, log transformed, and scaled by the auto scaling method. Statistical significances among groups (NPREG vs. OV vs. TUB vs. FIL) were determined by ANOVA with Fisher least significant difference post hoc adjustment. Correlation analysis was performed against the pattern NPREG-OV-TUB-FIL to search for features that increased or decreased linearly with the sequence of the four groups. The contrast for the effect of pregnancy (NPREG vs. PREG) was performed by the t-test. Correlation analysis was also used to identify specific correlation between two features of interest. Significance was declared when P 0.05.
RESULTS

Pregnancy Classification and Concentration of IFN-s in the Uterine Fluid
Ninety out of 160 cows (56.3%) were pregnant on Day 15 based on the detection of IFN-s in the uterine fluid ( Table S3 ). Based on the concentration of IFN-s in the uterine fluid, we predicted that from the 25 pregnancies with no conceptus recovered, two were OV, 16 TUB, and seven FIL. Thus, from all 90 pregnant cows, 20 (22.2%) were OV, 42 (46.7%) were TUB, and 28 (31.1%) were FIL (Table  1 ). In addition, from the 65 conceptuses recovered, 57 (87.7%) were recovered intact and eight (12.3%) in pieces. Concentration of IFN-s in the uterine fluid of pregnant cows differed among the three groups and was smaller for cows with OV conceptus, followed by those with TUB and then FIL conceptuses (Table 1) .
Transcriptome Analysis of Conceptus Tissue
Transcriptome analyses revealed the upregulation of 321 and downregulation of 346 transcripts in the transition from OV to TUB, and the upregulation of 250 and downregulation of 154 transcripts in the transition from TUB to FIL ( Fig. 1 and Supplemental Table S4 , A and B). When OV and FIL were RIBEIRO ET AL. compared, 725 transcripts were upregulated and 718 were downregulated in FIL compared with OV ( Fig. 1 and Supplemental Table S4C ). Combined, a total of 1611 transcripts were differentially expressed in at least one pairwise comparison, which represents 6.7% of the total target transcripts present in the Affymetrix Array (1611 out of 24 016) and approximately 13% of the expressed transcripts (;12 500 transcripts) in conceptuses on Day 15. A total of 103 transcripts were differentially expressed in both the OV versus TUB and TUB versus FIL comparisons, and all, except for 10, changed the expression to the same direction in both transitions in the progression from OV to TUB to FIL (Supplemental Table S4D ). The 10 exception transcripts had expression in opposite directions in the two transitions in the progression from OV to TUB to FIL (Supplemental Table S4D ). The microarray results of transcriptome of conceptus cells were validated by RT-PCR (Supplemental Fig. S1 ).
For the OV versus TUB comparison, the main molecular and cellular functions associated with the differentially expressed genes were cellular movement (109 molecules; OP , 0.01), cell-to-cell signaling and interaction (15 molecules; OP , 0.01), and cell death and survival (160 molecules; OP , 0.01). The main physiological systems development and functions were connective tissue development and function (42 molecules; OP , 0.01), embryonic development (92 molecules; OP , 0.01), and organismal development (129 molecules; OP , 0.01). Among these categories, specific function annotations with predicted increased activity included differentiation of epithelial cells
3), and CD24 (OP ¼ 1.4EÀ02, ZS ¼ 2.1) with predicted increased activity; and
with predicted reduced activity. Regulator analysis combined one upstream regulator (ATF4), three differentially expressed genes (PPARG, PTGS2, and VEGFA), and one downstream effects with increased activity (proliferation of mesenchymal stem cells) in one network with consistency score of 1.2 (Supplemental Fig. S2A ). In addition, the most significant canonical pathways included c-linolenate biosynthesis (OP ¼ 8.7EÀ03), D-myo-inositol triphosphate degradation (OP ¼ 2.1EÀ02), cdc42 signaling (OP ¼ 2.4EÀ02), unfolded protein response (OP ¼ 2.5EÀ02), and endoplasmic reticulum stress pathway (OP ¼ 2.5EÀ02). The top 10 upregulated genes based on fold change and having OV as the reference group for comparison were ANKRD1, TM4SF1, PAG2, SLC27A6, DKK1, GNG2, PPARG, CYYR1, ASS1, and CHD2, listed in 
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decreasing order of absolute value in fold change. The top 10 downregulated genes based on fold change and having OV as reference were BOLA, PRSS35, ENPP3, APOA2, PDGFRA, PAM, SORL1, TBC1D4, DPP4, and CERS4, listed in decreasing order of absolute value in fold change.
For the TUB versus FIL comparison, the main molecular and cellular functions associated with the differentially expressed genes were lipid metabolism (73 molecules; OP , 0.01), small molecule biochemistry (93 molecules; OP , 0.01), molecular transport (60 molecules; OP , 0.01), and cellular movement (68 molecules; OP , 0.01). The main physiological system development and function were embryonic development (67 molecules; OP , 0.01), organismal development (97 molecules; OP , 0.01), and reproductive system development and function (42 molecules; OP , 0.01). Among these categories, specific function annotations with predicted increased activity included modification of prosta- 
Potential upstream regulators with reduced activity included docosahexaenoic acid (OP ¼ 3.3EÀ04, ZS ¼À2.3) and NR3C1 (OP ¼ 6.6EÀ03, ZS ¼ À2.1).
Regulator analysis for the TUB versus FIL comparison combined three upstream regulators (ADIPOQ, AKT, and insulin), three differentially expressed genes (NOS2, PPARG, and PCK1), and one downstream effect with reduced activity (quantity of white adipose tissue) in one network with a consistency score of 3.5 (Supplemental Fig. S2B ). In an additional network with consistency score of 9.5, regulators analysis combined four upstream regulators (ADIPOQ, AKT, P38 MAPK, and PTGS2), 12 differentially expressed genes (ACOX1, ADM, CLU, EPAS1, HMOX1, ID3, NOS2, PPARG, TIMP2, and VEGFA), and two downstream effects with reduced activity (inflammation of body region and injury of organ). Moreover, the most significant canonical pathways included PPAR signaling (OP ¼ 1.7EÀ03, ZS ¼ 1.1) with predicted increased activity; acute phase response signaling (OP ¼ 1.6EÀ03, ZS ¼ À1.6) and LXR/RXR activation (OP ¼ 3.4EÀ04, ZS ¼À0.3) with predicted reduced activity; and MIF regulation of innate immunity (OP ¼ 4.6EÀ05), citrulline-nitric oxide cycle (OP ¼ 6.2EÀ05), prostanoids biosynthesis (OP ¼ 5.1EÀ04), and folate transformations I (OP ¼ 1.2EÀ03) with no predicted activity. The top 10 upregulated genes were PTGS2, TAGLN, TP53I3, CDKN1C, PAQR8, ABCG2, PPARG, SLC27A6, PLA2G7, and NOS2. The top 10 downregulated genes were ZNF503, AQP3, STAR, PDGFRA, FUT5, GSDMC, TMEFF1, HES6, TLE1, and SLC38A11.
When OV and FIL were compared, the main molecular and cellular functions associated with the differentially expressed genes were lipid metabolism (132 molecules; OP , 0.01), small molecule biochemistry (171 molecules; OP , 0.01), cell death and survival (318 molecules; OP , 0.01), cellular movement (214 molecules; OP , 0.01), and cellular assembly and organization (188 molecules; OP , 0.01). The main physiological system development and function were organismal development (276 molecules; OP , 0. 
Regulator analysis for the OV versus FIL comparison combined 18 potential upstream regulators (ABCA1, AKT, ALB, Ap1, CD24, CSF1, EGF, ELF4, EPAS1, ERN1, FGF7, IGF1, IL6, PIK3R1, PPARA, PPARGC1A, PRKCE, PSMD10), 24 differentially expressed genes (ABCD3, ABCG2, APP, ATP1A1, B4GALT5, BAX, CCND3, CXCL8, GJA1, GSK3B, HSPA5, JUN, MAPT, MET, NFE2L2, PDGFRA, PLAU, POU5F1, PPARG, PTGS2, TGM2, TOP2A, TP53, and VEGFA), four downstream effects with increased activity (cell viability of cancer cells, cell viability of brain cancer cell lines, hydrolysis of ATP, and proliferation of mesenchymal stem cells) and one downstream effect with reduced activity (cell death of motor neurons) in one network with a consistency score of 10.4 (Supplemental Fig. S2C ). In an additional network with consistency score of 9.0, regulator analysis combined four upstream regulators (ALB, ERN1, PLD2, and PRKCE), 11 differentially expressed genes (APP, BAX, CCND3, DDIT3, HSPA5, JUN, NOS2, PIM1, PTGS2, SCARB1, and VEGFA), four downstream effects with increased activity (cell viability of cancer cells, G1 phase, proliferation of mesenchymal stem cells, and synthesis of nitric oxide) and one downstream effect with reduced activity (perinatal death). Moreover, the most significant canonical pathways included clinolenate biosynthesis (OP ¼ 1.1EÀ04), stearate biosynthesis (OP ¼ 1.2EÀ04), triacylglycerol biosynthesis (OP ¼ 2.2EÀ03), citrulline-nitric oxide cycle (OP ¼ 2.2EÀ03), and fatty acid activation (OP ¼ 2.7EÀ03), all of them with no predicted activity. The top 10 upregulated genes were PAG2, SLC27A6, ANKRD1, PPARG, PTGS2, TM4SF1, TAGLN, C15H11orf96, TP53I3, and SLCO2A1. The top 10 downregulated genes were ZNF503, AQP3, PDGFRA, BOLA-N, PRSS35, CERS4, STAR, ENPP3, CGA, and TBC1D4.
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Correlation among Genes Expression and Transcription Factor Binding Sites
Lipid metabolism was identified as one of the main cellular functions associated with the differentially expressed genes in transcriptome analyses. In addition, PPARc was identified as a potential coordinator of such changes in transcriptome. Peroxisome proliferator-activated receptor c is a transcription factor that binds to response elements in regulatory regions of target genes and modulates their expression. To further investigate the role of PPARc on the coordination of gene expression in conceptus cells during elongation, Pearson correlation analyses were performed between the normalized gene expression of PPARG and all the other transcripts represented in the microarray platform in order to identify genes with high correlated expression. We then investigated the presence of PPARc-binding sites or peroxisome proliferator response elements (PPRE) in regulatory regions in the most correlated genes. Two PPRE motifs were investigated based on their position weight matrixes, DR1 or direct repeat with a 1 bp spacer (Supplemental Fig. S5A ) [29] and Pal3 or palindromic sequence with a 3 bp spacer (Supplemental Fig. S5B ) [30] .
Correlation analyses revealed 1591 transcripts with r ! 0.49 (P , 0.001), 914 transcripts with r ! 0.56 (P , 0.0001), and 534 transcripts with r ! 0.63 (P , 0.00001). We focused on downstream analyses to study the later cutoff point. After removing nonannotated probes and duplicates, 360 genes were identified to have r ! 0.63 (P , 0.00001; Supplemental Table   S5A ). Of those 360 genes, 181 presented a DR1 motif and 206 presented a Pal3 motif in their regulatory region between position À1000 and 200 from the transcription starting site (Supplemental Table S5 , B and C, and Supplemental Fig. S6,  A and B) . Scatterplots of normalized gene expression values of PPARG and genes of interest, their correlation coefficients, and information regarding the presence of PPRE are represented in Figure 3 .
In addition, the 360 genes that changed expression from OV to FIL were inputted in the Ingenuity Pathway Analyses for further investigation of their potential downstream effects. The main molecular and cellular functions associated with these genes included cellular movement (52 molecules; OP , 0.04), lipid metabolism (64 molecules; OP , 0.04), molecular transport (54 molecules; OP , 0.04), small molecule biochemistry (80 molecules; OP , 0.04), and amino acid metabolism (13 molecules; OP , 0.04). Among these categories, specific function annotations with predicted increased activity included fatty acid metabolism (OP ¼ 
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Metabolomics of Uterine Fluid
On the negative ions mode, 973 peaks were identified in at least 50% of the samples and 873 peaks were identified in all samples (Supplemental Table S6A ). Potential identification was found for 367 peaks, in addition to 137 peaks that were classified as adducts of other metabolites and 58 peaks that were considered a complex of two molecules. A total of 411 features did not have a potential match in the library search for the negative data set. On the positive mode, 997 peaks were identified in at least 50% of the samples and 909 peaks were identified in all samples (Supplemental Table S6B ). Potential identification was found for 298 peaks, in addition to 74 peaks that were classified as adducts of other metabolites and 62 peaks that were considered a complex of two molecules. A total of 563 features did not have a potential match in the library search for the positive data set. Features identified in the negative and positive modes include amino acids; fatty acids and lipids derivatives; mono-, di-, and oligosaccharides; purines; pyrimidines; vitamins; salts; and other intermediate and secondary metabolites. The top five pathways related with the list of features identified in both ion modes were related with amino acids synthesis and metabolism: 1) alanine, aspartate, and glutamate metabolism (11 out of 23 hits; P , 0.01); 2) phenylalanine, tyrosine, and tryptophan biosynthesis (three out of four hits; P ¼ 0.02); 3) valine, leucine, and isoleucine biosynthesis (five out of 11 hits; P ¼ 0.04); 4) Dglutamine and D-glutamate metabolism (three out of five hits; P ¼ 0.05); and 5) arginine and proline metabolism (13 out of 44 hits; P ¼ 0.07).
On the negative mode, 23 features were affected by pregnancy classification, and 30 features had a linear correlation pattern for NPREG-OV-TUB-FIL group sequence (Table 2 and Supplemental Table S6A ). Pregnancy contrast identified 40 features with distinct concentration between pregnant (PREG) and NPREG samples (Table 2 and  Supplemental Table S6A ). From those, 24 features had reduced concentration and 16 features had increased concentration in PREG compared to NPREG samples. Among the features with different concentration between PREG and NPREG, arachidonate had smaller concentration and prostaglandin had greater concentration in PREG samples compared with NPREG and the two features were negatively correlated (r ¼ À0.53; Supplemental Fig. S7 ). On the positive mode, 28 features were affected by pregnancy classification, and 46 features had a linear correlation pattern for NPREG-OV-TUB-FIL group sequence (Table 2 and Supplemental Table S6B ). Pregnancy contrast identified 49 features with distinct concentration between PREG and NPREG samples (Table 2 and Supplemental Table S6B ). From those, 16 features had reduced concentration and 33 features had increased concentration in PREG compared to NPREG samples. Features with putative identification from the library search that had a linear correlation for NPREG-OV-TUB-FIL pattern or had concentration significantly different between PREG and NPREG samples are summarized in Table 2 .
Gene Expression of Endometrial Cells
Transcript abundance of the genes ISG15, RTP4, CXCL10, C15H11orf34, and SOAT1 in endometrium tissue were affected by pregnancy classification (Supplemental Fig. S8 ). In general, NPREG cows had the lowest abundance whereas FIL cows had the greatest abundance, with OV and TUB presenting intermediate values ( Supplemental Fig. S8 ). The exception was SOAT1, whose abundance was highest in endometrium from cows with OV conceptuses. Although transcript abundance of CCL8 and FABP3 did not present an overall effect for pregnancy classification, the pairwise comparisons of groups showed greater abundance for FIL compared with NPREG (Supplemental Fig. S8 ). Transcript abundance for SLC7A3, ABCC3, ACSS2, and DLAT were not affected by pregnancy classification and did not present any significant differences among groups. 
BIOLOGY OF THE ELONGATING CONCEPTUS
Ovulation to First GnRH, Diameter of Ovulatory Follicle, Concentration of Hormones in Plasma, and Body Condition Score
Measures in the lactating donor cows were also taken in an attempt to find potential factors determining the presence of a conceptus on Day 15 of development and the differences in conceptus length/morphology. There was no difference in the proportion of cows ovulating to the first GnRH of the timed AI program according to pregnancy classification (Table 3) . Nonetheless, the size of ovulatory follicle on Day À1, when ovulation was induced, was larger (P ¼ 0.03) for FIL compared 
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with OV and NPREG but similar to TUB, which did not differ from the other groups (Table 3) . Similarly, progesterone concentration in plasma after AI was greater (P ¼ 0.03) for FIL compared with OV and NPREG, but similar with TUB, which did not differ from the other groups. There was an interaction (P ¼ 0.02) between pregnancy classification and day of progesterone measurement. On Day 0, no significant differences were observed among the four groups; on Day 7, progesterone was greater for FIL compared with OV, TUB, and NPREG; and on Day 15, progesterone was greater for FIL and TUB compared with OV and NPREG (Table 3) .
No differences in the concentrations of IGF1, insulin, and AMH were observed according to pregnancy classification. Nonetheless, in a second analysis in which mean values of hormones concentration in plasma between Days 7 and 15 were ranked and classified into two quantiles above and below the median, the quantile of IGF1 was associated (P ¼ 0.04) with the concentration of IFN-s in the uterine fluid of pregnant cows. Pregnant cows in the upper quantile for IGF1 had greater concentrations of IFN-s compared with those in the lower quantile (690.8 vs. 275.5 pg/ml, respectively). Proportion of cows pregnant (61.4% vs. 55.0%; P ¼ 0.47) and the size of conceptus (14.3 vs. 15.1 mm; P ¼ 0.86) were similar between the two quantiles of IGF1. No differences were observed for the quantile classifications of insulin and AMH (data not shown). Body condition score on Days 7 and 35 postpartum and at AI were also similar among the pregnancy classification groups (Table 3) .
DISCUSSION
Preimplantation embryo development in ruminants has been investigated extensively in the last decades and contributed to our understanding of critical events required for establishment and maintenance of pregnancy. It is well appreciated that early embryonic development and placentation in ruminants have very unique features. Different from other species, implantation in ruminants occurs late and requires elongation of the conceptus, which depends on the secretion and transport of histotroph by the luminal and glandular epithelia of the endometrium into the uterine lumen [7] . Nonetheless, little is known about how the conceptus senses and responds to the histotroph components. Most research conducted to investigate the period of conceptus elongation have focused on the biology of endometrial cells and less effort has been placed on the biology of conceptus cells, which is essential for a holistic understanding of normal developmental requirements and etiology of pregnancy losses.
Few studies focused on the molecular biology of conceptus cells in cattle [31] [32] [33] [34] [35] . These studies have collected conceptuses at different days of development to identify and characterize markers for differentiation of embryonic and extra-embryonic cell lineages at distinct stages of development. The current study characterized the dynamic changes in conceptus transcriptome and the orchestrated modifications in cellular biology in a short window during the onset of elongation likely required for successful development and pregnancy maintenance. Data was initially analyzed separately for the two dairies used in the study. Because the main conclusions from the functional analyses were similar in both data sets, we decided to combine them in order to increase the statistical power and the confidence of the results.
Several changes observed in the transcriptome of conceptus cells during the onset of elongation are related to cytoskeleton reorganization and cell adhesion molecules, which is in agreement with previous work with bovine conceptus [35] . In order to elongate, trophectoderm cells not only have to proliferate but they also have to migrate along the uterine lumen in apposition to luminal epithelial cells, which require reorganization of the cytoskeleton in response to histotroph components [36] . Interaction between cell membrane proteins and extracellular matrix creates mechanical load on the trophectoderm cells that is sensed by the cytoskeleton and associated proteins in the cytoplasm, which in turn generates mechanical force using energy from hydrolyzed ATP to support cell migration [36] [37] [38] [39] . Our data show that, as the bovine conceptus elongates, there is an increase in transcript expression of cell-matrix adhesion proteins (ADAMTS1, FERMT2, F5, ITGAV, ITGA6, LAMC1, LOXL4, NID2, PLAU, TM4SF1, THBS1), actin polymerization or depolymerization proteins (AIF1, DSTN, EVL, MTSS1), GTPases and associated proteins (CDC42BPG, CDC42EP2, CHN2, EFNA5, RHOQ), actin filament cap proteins (CAPG, MTPN), actin binding proteins (ABLIM1, AFAP1, ANKRD1, CALD1, CNN3, FLNC, MYOZ1, TAGLN, TLN1, SPTBN1), microtubule organizational proteins (ATXN7, BBS4, MAP7, MICAL1, NDRG1, TPPP, TUBB6), and myosins (MYH10, MYO1B). The upregulation of multiple transmembrane cell-matrix adhesion proteins likely increase the capacity of these cells to interact with the extracellular matrix, receive mechanical load, and transmit it to actin filaments. Myosins and actin crosslinker proteins would interact with actin filaments to generate intracellular mechanical force that can be used for cell motility. Proteins related to assembling and disassembling actin filaments and microtubules, aided by GTPases, would allow greater dynamics of the cytoskeleton, which is also needed for forcegenerated migration.
Three transcripts deserve special consideration because of the magnitude in the increments of expression during the onset of elongation and their potential importance for conceptus cells' motility and migration. Transmembrane 4 L six family member 1 (TM4SF1), transgelin (TAGLN), and ankyrin repeat domain 1 cardiac muscle (ANKRD1) had a 14.6-, 13.4-, 34.1-fold increase in expression, respectively. The TM4SF1 gene encodes a cell membrane protein with four transmembrane domains that belongs to the L6 protein superfamily [40] . This protein has been associated with cell proliferation, adhesion, motility, migration, and invasiveness in a variety of tumor cell lines [40] [41] [42] . The L6 protein interacts with integrins in the cell membrane and with actin filaments and myosin in the cytoplasm for the formation of filopodia and coordination of cell migration [41, 42] . In endothelial cells, TM4SF1 activity also is important for angiogenesis and seems to be stimulated by VEGF-A and thrombin stimulation [41] . Interestingly, transcript expression of VEGFA and proteins related to thrombin activation and signaling were upregulated during the onset of elongation. Transgelin is a highly conserved actin-associated protein of the calponin family that crosslinks with actin filaments and has been described to promote podosome formation and migration of tumor cells [43, 44] . Expression of transgelin is considered one of the earliest markers of smooth muscle differentiation but is also found in tissues with little or no smooth muscle. Activity of transgelin seems to be independent of calcium as opposed to other associated actin proteins [43, 44] . Finally, ANKRD1 gene encodes a protein named cardiac ankyrin repeat protein (CARD), a member of titin-N2A mechanosensory complex [45] . This protein translocates to the nucleus in response to mechanical stretch signal and works as a transcription modulator of specific genes, which could be important for the coordination of cell biology in response to force-generated migration of conceptus cells.
BIOLOGY OF THE ELONGATING CONCEPTUS
Interesting changes were observed in the expression of genes involved in thrombin signaling. This signaling pathway is initiated by activation of thrombin and its binding to Gprotein coupled receptors named protease-activated receptors (PARs) [46] . Active thrombin, a serine protease, cleaves the extracellular N-terminal of PARs, exposing a new N-terminus that works as a tethered ligand. The N-terminal binds to the body of the receptor and generates transmembrane and downstream signaling [46] . This system is knowingly important for vascular biology but has also been described to be important for in utero development in mice. Disruption of PAR1 in mice resulted in embryonic mortality of approximately half of the embryos by Day 9 of development [47] . In the current study, transcript expressions of two PARs were altered during elongation and to opposite directions. Transcript expression of PAR1 (F2R) decreased 1.7-fold whereas expression of PAR3 (F2RL2) increased 5.6-fold. Although both receptors can be activated by thrombin, they might interact or have distinct downstream effects [47, 48] that perhaps are important for the coordination of conceptus elongation. Their signaling is often associated with cell migration and could impact expression of important molecules such as integrins, VEGF, and platelet derived growth factor (PDGF) [41, 49, 50] . Furthermore, additional genes with differential expression during the onset of elongation are involved in thrombin signaling and include coagulation factor 5 (F5), important for activation of thrombin and whose expression increased 2.6-fold; serpin 5 (SERPINA5), a negative regulator of serine proteases and whose expression decreased 5.6-fold; and platelet-derived growth factor receptor alpha polypeptide (PDGFRA), a receptor of PDGF and whose expression decreased 12.2-fold. The PDGFRA has also been described to work as a VEGF receptor [51] , and secretion of both PDGF and VEGF are stimulated by thrombin [52, 53] .
We also identified a reduction in transcript expression of genes related to cytoskeleton organization (ARPC3, FHL3, MAPT, STMN1, TMOD1, WIPF1) and cell adhesion (CDH2, GJA1, JAM2, MPZL2, SDC2), which perhaps are also important for the dynamics of cell motility and migration. Interestingly, most of the adhesion protein genes with reduced expression encode for cell-cell adhesion proteins. Cadherin 2 (CDH2), gap junctional protein alpha1 (GJA1), and junctional adhesion molecule 2 (JAM2), a tight junction protein, are all important known cell-cell adhesion proteins. They had 2.3-, 2.2-, and 4.2-fold reductions in expression, respectively. Myelin protein zerolike 2 (MPZL2) also has been described to be important for cellcell adhesion and to promote aggregation of epithelial cells during embryogenesis in mice [54] . Perhaps reduction in the expression of cell-cell adhesion proteins is important to maintain cells in a loose arrangement for easy migration along the endometrial cells lining the uterine lumen. This process could also be attributed to proliferation of cells with a phenotype that resemble mesenchymal cells, which was predicted as one of the activated downstream effects in the functional analysis of the differentially expressed genes. As opposed to epithelial cells, mesenchymal cells are characterized to be loosely associated cells without polarity.
Proliferation and migration of conceptus cells are in general induced by specific components of the histotroph [55] . Discovery of these components and understanding their cellular signaling and downstream effects are fundamental for understanding the developmental biology in ruminants. In sheep, the semi-essential amino acid arginine is one of these critical components of histotroph and has been demonstrated to affect cell proliferation, adhesion, migration, and secretion of IFN-s during elongation [55, 56] . In addition to being a component for synthesis of proteins, arginine is also a substrate for the production of nitric oxide (NO) and polyamines, and important for cell signaling. Translational knockdown of the major isoforms for arginine transporter and nitric oxide synthase in ovine trophectoderm cells, SLC7A1 and NOS3 respectively, retarded conceptus elongation in sheep [57, 58] . Interestingly, the current data suggest changes in arginine metabolism at the onset of bovine conceptus elongation that would favor utilization of arginine and production of NO. Transcript expression of argininosuccinate synthase 1 (ASS1) increased 9.2-fold, argininosuccinate lysate (ASL) 2.5-fold, nitric oxide synthase 2 (NOS2) 3.7-fold, and nitric oxide synthase interacting protein (NOSIP) 1.7-fold. It is noteworthy that NOS2 was only expressed significantly by FIL conceptuses. Although highly expressed, transcripts for enzymes responsible for production of polyamines from arginine (ARG2, ODC1, SRM, SMS) were significantly reduced in FIL compared with OV conceptuses, although the fold change cutoff of 1.5 was not reached (À1.36, À1.45, À1.37, and À1.13, respectively). Important genes characterized in ovine conceptus cells such as SLC7A1, NOS3, ADC, and AGMAT were not expressed in bovine conceptus in the present study.
Functional analysis revealed potential upstream regulators of the genes differentially expressed during the onset of conceptus elongation. Among several listed, we believe four deserve special consideration and include FGF7, IGF1, PPARc, and fatty acids. FGF7 is described as a progestamedin in the ovine endometrium and an estramedin in the porcine endometrium during the pre-and peri-implantation. In both species, FGF7 is responsible for paracrine activity in the uterine luminal and glandular epithelia and conceptus cells [59] . Bovine conceptus cells express FGF receptor 2 (FGFR2) and, therefore, would be able to respond to FGF7, which is known to induce cell proliferation.
IGF1 is another mitogen whereby extensive scientific evidence supports its role on uterine biology and benefits on fertility. Secretion of IGF1 is stimulated by growth hormone (GH), and both the bovine uterus and conceptus have receptors for GH and IGF1 [60] [61] [62] [63] [64] . In fact, in vitro and in vivo studies have demonstrated positive effects of these two hormones on stimulating uterine function and conceptus development during the pre-and peri-implantation stages in many species [6, [65] [66] [67] [68] [69] [70] . Current results showed that the concentrations of IGF1 in the blood plasma of the donor cows after insemination were associated positively with concentrations of IFN-s in the uterine fluid. These finding support those reported recently by Ribeiro et al. [6] demonstrating the beneficial effects of GH and IGF1 on fertility in lactating dairy cows. Supplementation of low doses of GH during the preimplantation period resulted in increased concentrations of IGF1 in plasma, hastened conceptus development, increased response of interferonstimulated genes in peripheral immune cells, improved pregnancy per AI, and reduced pregnancy losses [6] . Altogether, these findings support IGF1 as an important mediator of preimplantation development and the potential for pharmacological use to improve conceptus survival in lactating dairy cows.
Peroxisome proliferator-activated receptors (PPAR) are a family of nuclear receptors that function as ligand-dependent transcription factors controlling a wide variety of biological processes in several tissues [71] . In addition to energy homeostasis and insulin sensitivity, PPARc has also been involved in cell differentiation, cell proliferation, homeostasis, carcinogenesis, apoptosis, tissue repair, inflammation, immunity, and placentation [72, 73] . Binding of ligand causes conformational changes in the PPARc that facilitates the RIBEIRO ET AL.
formation of heterodimers with retinoid X receptor (RXR). The two nuclear receptors then bind to PPRE in regulatory regions of their target genes and influence transcription [73] . Initially described as orphan receptors, fatty acids, prostanoids, and components of oxidized low-density lipoprotein were later identified as natural ligands of PPARc [74, 75] . Because PPARc is not a secreted protein, it cannot be considered as a potential histotroph component, but it can, however, be considered a potential target of histotroph components in conceptus cells. Genetic ablation of PPARc in mice caused embryonic lethality because of placental defects [76] . Reconstitution of PPARc null embryos with wild-type placenta via chimeric aggregation corrected the defects and rescued embryo development, confirming the direct causative relationship of PPARc deficiency with placenta defects. Following research demonstrated that PPARc was essential for uptake and metabolism of fatty acids, cell differentiation, and vascularization in the developing placenta [73, [77] [78] [79] .
In the present study, PPARc becomes even more interesting because expression of its gene PPARG increased 17.3-fold during the onset of elongation (4.2-fold from OV to TUB and 4.2-fold from TUB to FIL) and was highly correlated with the expression of other genes, mostly involved with lipid metabolism. Among them are genes associated with lipid uptake (SCARB1, SCL27A6, SCL27A2), lipid droplet formation (PLIN2), activation (ACSL3, ACSL6, ACSS2, CRAT) and oxidation (ABCD3, ACOT8, ACOT4, ACOX1, ALDH3A2) of fatty acids, peroxisomes biogenesis (CAT, PEX11A), transport of lipids metabolites (ABCG2, SLC10A1, SLC37A1, STARD10), desaturation (SCD, FADS2, FADS1) and elongation (TECR) of fatty acids, mobilization of arachidonic acid (PLA2G7, PLA2G12A), biosynthesis of phospholipids (AG-PAT9, AGPAT3, DGKD, GPAM, LPCAT3, LPCAT1, MO-GAT1, PLCL2, SLC37A1, STARD10) and prostaglandins (AKR1A1, PTGES, PTGIS, PTGS2), and transport of prostaglandin (SLCO2A1). In addition, its association with transcript expression extends to genes directly related with conceptus development such as IFN-s (IFNT), pregnancy associated glycoproteins (PAG2, PAG8, PAG12), trophoblast Kunitz domains (TKDP1, TKDP4), and VEGFA. Furthermore, several of these genes, including PPARG itself, have a putative PPRE in their regulatory region, which implies a potential direct regulation of their transcript expression by PPARc. Protein expression of PPARc has been demonstrated in ovine [80, 81] and bovine conceptuses [82] . In fact, transcript expression of PPARG increases during elongation [80] , and the protein knockout of PPARc results in blockage of conceptus elongation in sheep [81] .
One of the genes associated with PPARG was prostaglandin G/H synthase (PTGS2), which has a putative PPRE on its regulatory region and had a 15.6-fold increase in expression during the onset of elongation that was highly correlated with expression of PPARG. This gene encodes an inducible cyclooxygenase that converts arachidonic acid to prostaglandin H2 and is the rate-limiting enzyme for production of prostanoids [83] . Recently, it has been demonstrated that the amount of prostaglandins secreted by the ovine conceptus is substantial and essential for modifications in endometrial physiology that leads to conceptus elongation [84, 85] . In fact, when a specific inhibitor of PTGS2 activity was infused into the uterine lumen of pregnant ewes, the concentration of prostaglandins in the uterine lumen was reduced and the elongation of the conceptuses was inhibited [84] . Mamo and coauthors [35] also reported an increase in PTGS2 expression during preimplantation development of the bovine embryo/ conceptus. Even though PPARc is normally seen simply as a receptor for prostaglandins, they also are able to regulate prostaglandins synthesis by modulating the expression of the enzymes involved in the process, especially PTGS2 [86, 87] . A study with bovine endometrial cells demonstrated that natural and synthetic PPAR agonists are able to induce the expression of PTGS2, which was blocked by the addition of PPAR antagonist [88] . Moreover, a PPRE in a 5 0 -regulatory region of PTGS2 was identified and needed for PPARc agonist stimulation of PTGS2 expression in human monocytes [86] . Therefore, it is plausible to suggest that the secretion of prostaglandins by ruminant conceptus during elongation is regulated by PPARc. Prostaglandins in turn work as natural ligands and activators of PPARc, creating a positive cycle among their genes and proteins activity.
Progesterone during diestrus induces accumulation of lipids in the endometrium of ruminants [89] , and the presence of an elongating conceptus during early pregnancy seems to cause a slight reduction in lipid content of the endometrium [90] . This accumulation of lipids might work as a feeding mechanism to provide ligands for PPARc in conceptus cells. Nonetheless, lipids are not commonly described as a component of the uterine histotroph and, therefore, bring into question this hypothesis. This lack of information motivated the present investigation on the metabolomics of uterine fluid. The results showed that indeed lipids and lipid derivatives constitute an important component of uterine fluid or histotroph. Moreover, interesting differences in abundance of specific metabolites were observed according to pregnancy status of the donor cow.
Compared to NPREG, PREG had reduced amounts of arachidonate but increased amounts of three arachidonatederivative molecules: prostaglandins, 15-hydroxyeicosatetraenoic acid (15-HETE), and anandamide. The greater concentration of prostaglandin in the uterine lumen of pregnant cows and ewes during the stages of conceptus elongation has been reported previously and is likely a result of the prostaglandin production by the conceptus and not a different rate of production by the endometrium [91] [92] [93] [94] . 15-HETE is a hydroxy metabolite of arachidonic acid formed by the activity of 15-lipoxygenase that is considered a natural ligand of PPARc [75, 95, 96] . In endothelial cells, Funk [97] suggested that 15-HETE can also signal through G protein-coupled receptors and induce the expression of adhesion proteins. Both activities would have potential benefits to the biology of conceptus cells during elongation. Anandamide is an endocannabinoid biosynthesized from membrane phosphatidylethanolamine [98] . In rodents and humans, anandamide has been implicated, in a dose-dependent manner, with important events in blastocyst activation, onset of implantation, synchrony of these two events, and risk of abortion [96, 99, 100] . Most of anandamide effects are mediated by binding to membrane receptors, which were not expressed by conceptuses in the present study. Nonetheless, anandamide has also been demonstrated to act through PPARc [101, 102] , which again might be important for the process of conceptus elongation as previously discussed. Moreover, the breakdown of anandamide generates arachidonic acid, which can be used for prostaglandin biosynthesis or incorporated into cell membranes.
Another fatty acid found with increased concentrations in the uterine fluid of PREG was 9,12,13-Tri-HOME, a trihydroxy metabolite of linoleic acid that can also bind to PPARc and has potential roles on controlling arachidonic acid and prostaglandin biosynthesis [103] . In addition, three other 18-carbon molecules had distinct abundance according to pregnancy status. The concentrations of oleic acid (9Z-octadecenoic acid) were reduced, whereas the concentrations of 9R,10R-dihydroxyoctadecanoic acid and octadecamide were BIOLOGY OF THE ELONGATING CONCEPTUS increased in PREG. The latter two molecules are a dihydroxy metabolite and an amide of stearic acid, respectively. The importance of oleic and stearic acid derivatives for conceptus elongation is, however, unknown.
Among putatively identified metabolites in uterine fluid, lipoate had the largest difference in abundance between PREG and NPREG, a 14-fold increase in PREG. Lipoic acid is a dithiol compound synthesized from octanoic acid and works as a cofactor for multiple oxidative enzymes, which has lead it to be used clinically as nutritional supplement for a variety of diseases in humans [104] . Perhaps the most appealing property is its high redox potential and antioxidative effects. Lipoate is known to activate the transcription factor NRF2 that binds antioxidant response elements (ARE) in regulatory regions of target genes [104] . The transcription of the NRF2 gene (NFE2L2) was upregulated in conceptus cells during elongation. Interestingly, Luo et al. [105] recently reported that the NRF2 and PPARc have a two-way positive interaction. Using human glomerular endothelial cells in vitro, the authors demonstrated that expression of NRF2 is reduced by knockdown of PPARG, and expression of PPAR-c was reduced by knockdown of NFE2L2 [105] . A search in the bovine genome using LASAGNA showed that in fact PPARG has a putative ARE and NFE2L2 has a putative PPRE. Thus, lipoate might contribute for the process of conceptus elongation by controlling of oxidative stress of conceptus cells and inducing expression of PPARG.
Additional components had distinct abundance in the uterine fluid of PREG and NPREG, including some amino acids, saccharides, and other metabolites. They further exemplified the richness of the histotroph composition and the dynamics of uterine biology during conceptus elongation, which has also been demonstrated by others using proteomics [106] . The dynamics are in part a consequence of the intensive cross talk established between the elongating conceptus and the endometrium that regulate the biology of each other. Conceptus cells respond to histotroph components secreted/ transported by the endometrium, while endometrial cells respond to bioactive factors secreted by the conceptus as it elongates. Transcriptome analyses comparing endometrium of pregnant versus cyclic cows show minimal or no change in expression until Day 13 of the estrous cycle, but great distinction is observed when evaluated on Day 15 or later [17, 107] . Transcript expression of target genes in the endometrium in the present study occurred concurrently with conceptus elongation. Compared with NPREG, cows with FIL conceptus had the greatest distinction in endometrial expression of the target genes, whereas cows with OV and TUB conceptuses had intermediate expression.
The target genes evaluated in the endometrial tissue were selected based on work by Bauersachs et al. [17] , in which the authors evaluated changes in transcriptome of endometrium on Day 15 of the estrous cycle caused by intrauterine infusion of a type I interferon or by the presence of the conceptus in pregnant cows. The selected genes were all upregulated in pregnancy but only some of them (ISG15, RTP4, CXCL10, CCL8) were upregulated by interferon treatment. The other genes (C15H11orf34, SLC7A3, SOAT1, FABP3, ABCC3, ACSS2, DLAT) not upregulated by infusion of interferon were likely upregulated by a conceptus-secreted factor other than IFN-s. In the current study, the expression of the interferonstimulated genes in endometrial cells, in general, increased with advancing conceptus development, which corroborates with the parallel increase in IFNT-s concentrations in the uterine fluid. From the group of genes not stimulated by interferon, however, only C15H11orf34, SOAT1, and FABP3 were influenced by pregnancy and the pattern of expression did not follow necessarily the stage of elongation of the conceptuses. Expression of SOAT1, for example, was highest for cows bearing OV conceptuses. This gene encodes a acylcoenzyme A:cholesterol acyltransferase (ACAT), which incorporate lipoxygenase products such as 15-HETE into cholesterol esters for transient storage or transportation [108] . This might be important for the availability of fatty acids and cholesterol in the uterine lumen and might help explain the increased concentration of 15-HETE in the uterine fluid of PREG cows.
As mentioned herein, conceptus elongation in ruminants precedes and is a prerequisite for the subsequent onset of implantation. During implantation, trophectoderm cells create a more intimate contact with the endometrium and potentially become more exposed to the maternal immune system. The developing conceptus consists of maternal and paternal genes. Paternally inherited highly polymorphic proteins are potential sources of antigens that can be recognized as an allograft, which potentially can be rejected by the maternal immune system. Interestingly, expression of MHC-I heavy chain (BOLA) was downregulated during onset of elongation, which suggests that the bovine conceptus reduce the ability to present antigens before the onset of implantation, a strategy used by other species with more invasive placentation [109] . In fact, bovine cloned conceptuses have greater expression of MHC-I, which is believed to be one of the reasons for the greater incidence of pregnancy losses of clone pregnancies [110] .
Elongating conceptus also changed the expression of genes related with the complement system, with a decrease in expression of complement component 3 (C3) and an increase in expression of cluster of differentiation 55 (CD55) also known as decaying accelerated factor (DAF). C3 is a proinflammatory component of the complement system, and DAF is well known for inhibiting complement activation [111] . Association between DAF expression in trophectoderm cells and control of the complement system during pregnancy has been described in rodents and humans [111] . In fact, a DAF knockout model in mice (Crry À/À ) has a high incidence of embryonic mortality, which is attributed to activation of the complement system and rejection of the conceptus [111] . Thus, the alteration of expression of C3 and CD55 during bovine conceptus elongation might be important in controlling activation of the complement system and avoiding potential problems leading to rejection of the conceptus by the maternal immune system.
Measurements were taken in the donor cows to find factors associated with pregnancy and conceptus size outcomes. Concentration of progesterone in plasma after insemination was significantly associated with conceptus length. Cows with FIL conceptuses had greater concentrations of progesterone compared with OV and NPREG cows, whereas TUB cows had intermediate concentrations. The positive relationship between concentrations of progesterone in plasma and the size of preimplantation conceptuses has been demonstrated experimentally in cattle by supplementation with exogenous progesterone or reduction of the endogenous progesterone (reviewed by [112] ). The most accepted explanation for this positive relationship is that an earlier rise in concentration of progesterone after insemination anticipates changes in the endometrium related to downregulation of progesterone receptors in the endometrial luminal epithelium and secretion of the histotroph, which in turn anticipates conceptus elongation [112] . Our results demonstrate that this association is also present in single ovulating cows with no manipulation of progesterone profile. Differences in progesterone concentration in plasma among groups likely resulted from the RIBEIRO ET AL. differences observed in the size of the ovulatory follicle that would reflect on the size of the CL formed in the subsequent estrous cycle. Unfortunately, manipulation of the progesterone concentrations after AI with the objective of improving fertility in cattle has had limited success [113] or even negative results [114] . Therefore, the relationships among progesterone, conceptus development, and fertility seem to be more complex than the simple association between hormone concentration and conceptus size. Because we did not assess the exact time of ovulation after the final GnRH injection of the synchronization protocol, it is possible that some cows had a spontaneous LH surge that caused ovulation earlier that typically observed when the Ovsynch protocol is utilized, between 24 and 32 h after the GnRH injection [115] . These cows would likely have conceptus and CL with additional hours of development because of anticipated ovulation and fertilization, therefore, resulting in potentially more advanced conceptus. In such case, the difference in size of conceptuses could have resulted from differences in time of development and not a direct effect of distinct concentrations of progesterone.
Although there has been considerable progress on the understanding of early pregnancy biology in ruminants, limited strategies have been developed to effectively reduce embryonic mortality. Pregnancy per AI in dairy cows in the United States has not changed over the last 15 yr, and advances in reproductive performance observed in the same period were obtained by improving management strategies likely related to breeding programs and genetics [116] . Further improvements in reproduction will require reductions in embryonic mortality, which can only be achieved after detailed elucidation of critical events in early developmental biology. Data presented herein contribute to the understanding of developmental biology in cattle and might assist with the development of therapeutic or nutraceutical strategies to minimize embryonic losses.
Differences in conceptus morphology/length described herein were associated with remarkable changes in transcriptome of conceptus cells, composition of the histotroph, and endometrial physiology, which elucidate important events in the uterine biology at the onset of conceptus elongation. Specific changes in transcript expression were linked to reorganization of cytoskeleton and cell migration, arginine metabolism, growth factors signaling, lipid metabolism, and immunomodulation. Lipid metabolism by conceptus cells seems to be critical for elongation and is likely coordinated by PPARc. As the bovine conceptus elongates, the cellular machinery for metabolism of lipids is reinforced by increased There is an increase in mobilization of arachidonic acid from cell membranes by the upregulation of phospholipases (4) . Arachidonic acid uptake from the uterine lumen and mobilized from cell membranes can be used for synthesis of prostaglandins, which occurs concurrently with increase transcript expression of enzymes involved in those pathways (5) . Increased transcript expression of prostaglandin transporter improves the capabilities of the cell to export prostaglandins from the cytoplasm to the extracellular space, which in turn is important for signaling in conceptus and endometrium cells (6) . Additional fatty acids taken up by the cells can be either stored in lipid droplets (7) or be activated for use in fatty acid oxidation or biosynthesis (8) . Peroxisomal oxidation is increased by the transcript upregulation of several enzymes related to peroxisome biosynthesis and peroxisomal oxidation itself, which might be critical for energy production, survival, and proliferation of these cells (9) . Activated fatty acids and intermediate metabolites from peroxisomal oxidation can be utilized for fatty acid biosynthesis needed for cell membrane composition (e.g., phospholipids) and also for cell signaling (e.g., lysophosphatidic acid) (10) . Finally, all these changes in cell biology lead to increase in synthesis of bioactive factors such as interferon-tau, pregnancy associated glycoproteins, trophoblast Kunitz domain proteins, and vascular endothelium growth factor that are critical for conceptus development ad survival (11) .
expression of genes involved in the oxidation of long chain fatty acids and synthesis of lipid derivatives such as prostaglandins and phosphatidic acid (Fig. 5) . Oxidation of fatty acids generates ATP, whereas lipid derivatives are likely important for downstream cell signaling and coordination of additional changes required in cell biology of conceptus and endometrium cells during preimplantation development. Furthermore, the histotroph is rich in lipids, which should be considered as integral component of the histotroph. Finally, those results contribute for the understanding of the developmental biology in cattle in a critical stage of development and might also contribute for the development of strategies to minimize embryonic losses and improve reproduction in cattle.
